Purpose: Cancer radiation therapy treatment is performed by delivering a 3D dose distribution to the tumor via the relative rotation between beam and patient. While most modern machines rotate the radiation beam around a still patient, the treatment can also be delivered by rotating the patient relative to a fixed beam. Fixed-beam, patient rotation radiotherapy machines show promise for reducing the size, surface area footprint, and shielding requirements compared with rotating gantry machines. In this Technical Note, we describe the development of a bespoke horizontal patient rotation system for the purposes of a fixed-beam cancer radiotherapy architecture. Methods: A horizontal Patient Rotation System was designed in accordance with the appropriate standards pertaining to performance and safety of medical electrical equipment and medical linear accelerators (ISO 9001, IEC 60601-1, IEC 60601-2-1, ISO 14971, ISO 13485, 21CFR820, IEC 62304, Machinery Directive 98/37/EC). The principal criteria for the design were safety, patient comfort, real-time control and the ability to be integrated with other radiation therapy componentry (including a linear accelerator and kV imaging systems). Results: A first of its kind device for securing, immobilizing, translating, and rotating patients has been designed and built and tested against 161 different design, safety, and usability specifications. The device has real-time control for all critical applications. Conclusions: We designed and built a bespoke device which can translate and rotate patients 360°a round a horizontal axis. The device meets all design and safety criteria with early usability tests indicating a high degree of comfort and utility. The system has been installed in a clinical bunker, integrated with a fixed-beam linear accelerator and is currently being commissioned for the purposes of cancer radiotherapy treatment.
INTRODUCTION
Close to half of all cancer patients globally are indicated for radiotherapy as part of a curative or palliative treatment regime, [1] [2] [3] making it a vital modality for treating the "silent crisis" of rising rates of cancer incidence and mortality. 4 Radiotherapy delivers ionizing radiation by rotating the radiation beam relative to the patient, enabling a 3D conformal dose and distribution at the tumor location while minimizing it elsewhere along the line-of-sight. Modern radiotherapy machines rotate the radiation beam around a stationary patient. In contrast, simplified (and less expensive) designs are also reemerging 5 which deliver the 3D dose and distribution by rotating the patient relative to the radiating beam [6] [7] [8] [9] [10] [11] [12] using X-ray or MRI-guidance for photon and particle beam therapies. Fixed-beam, patient rotation radiotherapy devices show promise for significantly reducing the size, surface area footprint, and shielding requirements compared with rotating gantry machines. 7 A real-time, adaptive, horizontal patient rotation radiotherapy machine is currently under development. 7, 8 This machine is a compact and real-time controlled cancer radiotherapy device based on a fixed-beam linear accelerator, a kV imaging system for intratreatment image guidance and a patient rotation system (PRS). In this technical note, we describe the design inputs and specification of the PRS and summarize the results of 10 volunteers rotated in the PRS for the purposes of quantifying comfort, ease and utility.
MATERIALS AND METHODS

2.A. Design
A horizontal PRS was designed and built in Australia in accordance with the appropriate standards pertaining to performance and safety of medical electrical equipment and medical linear accelerators (ISO 9001, IEC 60601-1, IEC 60601-2-1, ISO 14971, ISO 13485, 21CFR820, IEC 62304, Machinery Directive 98/37/EC). The principal criteria for the design were safety, patient comfort, real-time control and the ability to be integrated with other radiation therapy componentry (including a linear accelerator and kV imaging systems). The final PRS design (shown in Fig. 1-top ) was based on 10 individual sub-assemblies ( Fig. 1-bottom) and a number of high-level input requirements (first two columns of Table I ). All design requirements were set prior to any testing or testing design. The patient restraint system is a custom-designed arrangement of secure primary Velcro strapping and multiple, interconnected, computer-controlled (Programmable Logic Controller -PLC) airbags.
2.B. Quality assurance
User safety is assured through multiple redundancies in communication, sensors, switches, interlocks, emergency stops, and manual override protocols. Full system and subsystem mechanical, electrical and human factor risk analyses were performed during the design phase by means of a Design Failure Mode and Effect Analysis (DFMEA) and subsequent expert review. One hundred sixty-one independent quality tests were identified and included as part of formal Quality Assurance Testing. The most significant PRS design and safety inputs are listed in Tables I and II , respectively, along with their associated testing method and pass criteria used for validation and verification.
2.C. User (human factor) testing
In order to demonstrate the PRS functionality from a user's perspective, 10 healthy female and male engineers and physicists from our team were tested on the PRS for human factors including comfort, experience and ease of use. Each of the 10 test subjects were loaded onto the PRS, restrained and put through the test sequence outlined in Table III . Subjects were secured with the restraint and airbag systems and rotated 360°, once each at a pre-set speed of 10 deg/sec, 30 deg/sec, and 60 deg/sec. Their subjective comfort and For each test run the Bed rotates in the desired direction and the speed is measured. The lowest speed achieved is less than 1°/s and the fastest speed achieved is above 60°/s. The accuracy of actual speed to set speed is determined. Check for any damage to the PRS.
Rotation acceleration and deceleration
The maximum acceleration/deceleration achievable shall be 60°/s 2 with the heaviest expected patient restrained in the PRS.
Test
With a patient simulant of max weight restrained in the bed and air bags inflated, set a desired acceleration and desired speed. Initiate rotation and measure the achieved acceleration. Repeat this for five acceleration and speed combinations, one of which includes the maximum acceleration and speed, in both directions clockwise and anti-clockwise.
For each test run the Bed rotates in the desired direction and the acceleration is measured. The maximum acceleration achieved is above 60°/s 2 . The accuracy of the actual acceleration is determined. Check for any damage to the PRS.
Rotational resolution
The PRS shall rotate to any position with a resolution of 0.1°as measured at the encoder.
Test
A patient simulant of max weight is restrained in the Bed and all airbags are inflated. Rotate the Bed at the maximum rotation speed to a predetermined position. The final position is to be measured and compared to the programmed position.
Repeat the test for three positions each at the maximum and minimum rotation speeds, in both directions clockwise and anti-clockwise.
The resolution of the movement can be set to 0.1°. The accuracy of the final position compared with the programmed position shall be determined. Check for any damage to the PRS.
Medical Physics, 44 (6), June 2017 experience was measured after each rotation on a scale of one to five with five being most comfortable and one being uncomfortable. Each user was then rotated and held for one minute at angles of 45, 90, 135, and 180°, and their comfort and experience was again measured on a scale of one to five at each angle prior to being rotated and translated back to the Egress position and released from the PRS.
RESULTS
3.A. Horizontal patient rotation system with realtime control
The PRS hardware has been built and verified and validated against our design and safety input requirements using the testing methods and pass/fail criteria listed in Tables I   TABLE I For each test run the Bed translates in the desired direction and the acceleration is measured. The maximum acceleration achieved is above 100 mm/s 2 . The accuracy of the actual acceleration is determined. Check for any damage to the PRS.
Translational resolution
The PRS shall translate to any position with a resolution of 1 mm, measured at the encoder. The PRS must be able to perform all functions when exposed to radiation from a cancer radiotherapy treatment beam. The PRS shall be able to be installed in a medical radiation bunker and translate, rotate and open its lid without interfering with any other medical or linear accelerator equipment. The PRS shall be able to be connected to the bunker's power supply and have the correct connection with the user interface in the control room and air compressor in an adjacent room. All materials in the field of view of the treatment beam will be radio translucent. The time taken from emergency egress being triggered to patient simulant off the bed is less than 90 s.
Analysis
Emergency stop (E-stop)
When the ESTOP is activated, the bed will cease translation within 10 mm and rotation within 3°. Power to motors will be disconnected. The pressure in the Airbags will be maintained unless the ESTOP is triggered at Egress position (0 mm/0°). The ESTOP will hardwired to hardware required to perform above functions in both treatment and control room. User input will be required to disengage the ESTOP. User input shall be required to re-initiate movement If the airbag pressure drops below the Minimum Pressure set during treatment, the PRS shall stop all motion and a beam-hold signal will be sent to the linear accelerator. If the PRS is at Egress, bed motion will be disallowed until the minimum pressure is exceeded.
Test
With a patient simulant restrained in the PRS and airbags set at a defined pressure with a lower minimum pressure, commence rotation of the bed and at a point after rotation commenced, deflate a bag below min pressure setting and record the time for all Bed movement to stop and the time required for this signal to be sent to the linear accelerator. Repeat for bed during translation. With bed at the Egress position set the pressure below minimum pressure and attempt to initiate movement, record bed response.
All Bed motion stops within limits and the time to send the signal is less than 100 ms. The Bed does not move from the Egress position when the pressure is below minimum.
Airbag pressure high -above max
If any airbag's pressure exceeds the set absolute maximum pressure, one or more of the following occurs:
• When the conditions outlined in the specification are created, the no airbag should deflate, in any combination of conditions.
Medical Physics, 44 (6), June 2017 When the conditions outlined in the specification are created (all combinations), the PRS control system should send a beam off signal to the LINAC within the prescribed time limit, for all test runs.
Stop motionspower loss
When power is lost to the interlock line, the E-Stop will be triggered and all motion will cease within 3°for rotation and 10 mm for translation
Test
With the Bed placed into a typical sequence of movements as expected during a typical treatment, disconnect all power from the PRS.
The Bed should stop within the radial and translational limits (3°f or rotation and 10 mm for translation) and the LINAC shall be triggered to switch the radiation beam off. The user must act to reinstate PRS power.
and II. The PRS passed every test. Figure 2 shows the PRS open and closed with Fig. 3 illustrating a typical patient ingress and Fig. 4 shows the full range of rotational states. The PRS control system has been developed with consideration to a fully working fixed-beam radiotherapy system wherein patient safety drives the core of the design process. In this context, the control system includes a real-time system to handle/manage all critical communication with the PRS and numerous non real-time computers for tasks that are not critical, such as for User Interfaces (UI). The software on the real-time computer, which is developed in C++, communicates with the PLC controlling the PRS via CAN/CANO-PEN. System errors, such as a failure to read the airbags pressure, or interlock situations, and dose-related synchronization tasks, e.g., synchronizing dose delivery with the PRS rotation, are given high priority and processed in realtime in an appropriate manner (e.g., a beam hold might be issued to the linac). The primary mechanism for the PRS to Table I ) it is possible to manually move the bed through 360°in both directions (clockwise and counter clockwise) and move the bed through its full translation range in both directions Test With a patient simulant restrained correctly in the PRS disconnect power to the PRS. Use the manual input wheels to translate the bed to its furthest position and back, followed by rotating the bed through 360°in both directions, clockwise and anti-clockwise. The time taken to complete these actions will be measured and the difficulty in completing the actions scored by the user. Repeat this for any additional users.
The bed can be translated the full distance and back and rotated 360°, clockwise and anticlockwise. The time taken to complete the actions shall be recorded, as well the score for difficulty in completing the movements. The patient simulant shall be restrained in a position that does not suggest possible injury and the straps remain secure and in place when airbag pressure fails. The PRS can be returned safely to Egress position from each angular position.
Safety relays
Airbag pressurepower loss
With complete power loss to the PRS, and when inflated and out of Egress, the air pressure in the bags will be maintained.
Test
Inflate all three airbags to max pressure, then cut all power to the PRS. Measure the pressure in each bag. Repeat for bags at min pressure Airbag pressure shall remain unchanged for each test run.
Power loss to PRS User input and control is required to change or reinstate actions following a power loss event to the PRS. Ready & safe control must be enabled prior to recommencing treatment
With the PRS in a sequence of rotation and translation, cut all power to the PRS. Reinstate power to the PRS and observe and record PRS reaction.
There shall be no movement or inflation/deflation of the airbags when power is reinstated.
UI -manual motion speed limit
The speed at which the bed can be translated and rotated manually from the user interface is limited (via PLC programming) handle critical errors is via hardware, which is double fault safe. As such the software control system is not relied on for patient safety and the software system simply provides a tertiary level of safety where commands are not issued when criticalities are identified. Noncritical tasks, such as displaying bag pressures and PRS positions, are processed with a lower priority with the message re-packaged and sent via TCP across the network to the appropriate computer for display to the operator. As the non real-time computers on the network are used for interaction with an operator, the UI software has been developed in C#.
3.B. Quality assurance
The PRS was subjected to 161 independent validation and verification tests grouped around the nine categories of Table I ) and Safety Inputs (columns 1 and 2; Table II) were validated and verified using testing methods listed in Columns 3 and 4 of these Tables. Inputs relating to radiation and Linear Accelerator compatibility were tested using signals simulating related parameters. All validation and verification tests passed according the specified testing and pass/fail criteria listed in Column 5 of Tables I and II. Summaries of the numerical results for some of these tests are described below.
3.B.1. Patient ingress
Three test subjects were loaded onto the PRS. The times taken to strap the subject in and close the lid were 52.8 s, 58.4 s and 56.2 s, respectively.
3.B.2. Patient egress
Three test subjects were unloaded from the PRS. The times taken to un-restrain the subject and remove them from the PRS was 52.15 s, 56.37 s and 55.13 s, respectively.
3.C. Rotation and translation speeds, accelerations and decelerations
For these tests, a 140 kg patient simulant was loaded into the PRS and then moved using various profiles (variants) described further in Tables IV and V. The accuracy in time measurements is of order AE 1 s. 
3.C.1. Patient sizes & orientation
The system was shown to accommodate patients between 42 kg and 137 kg of lengths between 1.45 m and 1.92 m, width between 361 mm and 551 mm, and waist between 143 mm and 349 mm.
3.C.2. Emergency patient egress
The PRS was moved to the furthest position target 1600 mm, 180°and an E-Stop triggered mid movement (558 mm, 68.8°). The emergency egress button was pressed and the time taken to Egress the patient was recorded. The test passed with the total time to egress and remove the patient 1:16.28.
3.C.3. Emergency stop (E-stop)
The E-Stop was triggered during a simulated movement of a test subject. When the E-Stop was pressed, all movements ceased. As the system was not at 0°, no pressure was released from the airbags. The movement from the moment of E-Stop being called was 40 mm in translation and 3.2°in rotation. The E-Stop was then tested during inflation of the airbag. When the E-Stop was pressed, pressure from all bags was released to atmosphere. The stopping distance caused this test to fail; however, the functionality worked as specified otherwise.
3.C.4. Airbag pressure high -above max pressure set
The pressure was set to the maximum treatment pressure (60 mbar) and an over pressure scenario was created by applying external pressure to each of the bags. When the pressure went over the treatment pressure, an error appeared on the screen warning the user that the bag was outside the treatment pressure. When the pressure exceeded the absolute maximum pressure (80 mbar) for each of the bags, the PLC vented the airbag with over pressure and an error message was displayed on the screen. At the same time, the hardware pressure switch was triggered also opening the relief valve to atmosphere. To test this functionality separately to the PLC function, the set point on each of the pressure switches was set to 70 mbar to activate before the PLC. This function was found to work correctly for all bags.
3.C.5. Linear accelerator (LINAC) beam off
An E-Stop event was triggered and monitored on an oscilloscope. The time between the event and the opening of the relay contact to terminate radiation was measured to be 20 ms.
3.C.6. Airbag pressure -power loss
With a maximum simulant load (140 kg), the airbags were inflated with a treatment pressure setting of 30 mbar. The PRS was then moved into a test position of 1000 mm, 180°. The power was disconnected to the PRS and the reaction monitored. All valves remain in a closed state with the pressure difference before and after equal to zero.
3.D. User (human factor) testing
The level of usability of the system was found to be straightforward, robust and comfortable with the majority of volunteers expressing increased comfort over time. There was little discernable difference in tolerance to rotation speeds, although 30 deg/sec was typically preferred over the faster (60 deg/sec) and slower (10 deg/sec) alternatives. Using a user comfort scale of 1-5 to measure a subject's comfort (with 1 being very uncomfortable and 5 being very comfortable), the average at each sequence step is listed in Table VI. Nine of the test subjects rated the ease of getting in and out of the system between four and five. One subject found it more difficult to get in as a result of not being able to adjust Five of the subjects expressed a comfort level of less than four for one or more of the test sequences in Table III . The common cause of discomfort was a feeling of numbness in the hands/arms from the airbag pressure and/or inadequate head support leading to neck discomfort. Observed subject movement was prominently in the legs. Although leg motion did not lead to a subject's discomfort, future modifications to the PRS are required to ensure minimum patient movement. Four test subjects noted anxiety during the airbag fill sequence, which was due to unease in not knowing when the airbags would cease inflating. Half of these subjects expressed increased comfort levels once they had become accustomed to the system. Six of the subjects reported increased comfort over time in the system, with four reporting they were most comfortable when positioned 180°.
DISCUSSION
4.A. Limitations of the current restraint system
The user testing showed that the majority of the subjects and movement variants resulted in the subject being comfortable or very comfortable. The testing highlighted issues with the neck restraint and the leg restraint. The neck and head requires more support to ensure the neck remains aligned straight and stop the subject from remaining tense during treatment. The primary cause of test subject movement was the legs being able to move. Increased support and restraint would be required to reduce the level of torso shift in the bags. Adjustments will be made to the existing head and ankle restraints to better handle immobilization during the slowest rotation. All of the subjects expressed some level of discomfort and/or visible signs of pressure restriction in the arms at the end of the treatment sequence. Improvements to the restraint system to enable arms above the head (when possible) would alleviate this discomfort and allow for higher pressure in the side bags. This would lead to a greater level of patient restraint and reduced patient movement.
4.B. Intended function in a fixed-beam radiotherapy treatment workflow
Modern radiotherapy machines utilize rotating gantries to deliver differential 3D motion between the patient and the kV and MV beams for imaging and treatment, respectively. Simplified designs that replace the rotating treatment gantries with rotating patient systems may offer an equivalent solution [6] [7] [8] [9] [10] [11] [12] with the potential for more compact footprint and affordable designs. 7 The fixed-beam radiotherapy machine we are developing utilizes real-time control to treat the dynamic patient. The machine adapts to the patient using real-time kV imaging and dynamic multileaf collimator tracking. [13] [14] [15] We replace a fixed couch with the PRS presented in this Technical Note and the rotating MV and kV gantry system with a fixed kV and MV scheme. The kV imaging system acquires 2D fluoroscopic projections as the patient rotates about 360°. Volumetric information on the patient anatomy is generated for any rotational angle and used to deform the treatment plan created from a CT volume acquired in the supine position (0°). The kV system continues to acquire projections during treatment to monitor the displacement and deformation of a patient's soft-tissue in real time. This information is used to update the multileaf collimator to follow a moving, deforming target during treatment. Patient motion will be minimized in the PRS with a semi-automated restraint/airbag immobilization scheme. Real-time image guidance and treatment adaptation will then maintain treatment quality. Further validation of patient tolerance to horizontal rotation will be measured in a proposed 100-patient clinical trial measuring human factors including ease of use and comfort.
CONCLUSIONS
We have designed, built and tested a horizontal patient rotation system (PRS) for the purposes of fixed-beam radiotherapy for cancer treatment. The system meets all design and safety requirements and complies with all appropriate standards pertaining to medical devices and linear accelerator equipment. The PRS control system architecture is a realtime computer to handle/manage all critical communication and several non real-time computers noncritical tasks. We have demonstrated the utility of the PRS from a human factor perspective with 10 healthy volunteers. The PRS will shortly be installed in a clinical bunker and integrated with a linear accelerator.
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